This paper focuses on the "state of the art" research of the Argentinian zonda wind at the beginning of 2015. Zonda (similar to foehn) is a strong, warm, very dry wind associated with adiabatic compression upon descending the eastern slopes of the Andes Cordillera in western central Argentina. Particularly, hourly surface meteorological information obtained from the Argentine National Weather Service (Servicio Meteorológico Nacional, SMN) from Mendoza Aero (32˚50'S, 68˚47'W, 704 m ASL) and San Juan Aero (31˚34'S, 68˚25'W, 598 m ASL) airport meteorological stations was used. The paper contains a history of zonda research mentioning the principal papers since the 1950s, the characteristics of zonda wind (conceptual model, a classic event, intensities categories) and examples of non-classical episodes. Also zonda dynamics, zonda climatology and forecasting problems are considered. A probabilistic method and the model forecast that are running in operative way are commented. Also the climate impact, air quality and damages caused are mentioned. There has been substantial progress in the understanding of this kind of complex wind during the last years, especially since the last decade, accelerated using different models. This paper has highlighted some of these advances by synthesizing some of the major findings. The probabilistic prediction method developed in the 1980s is still very useful to predict zonda in the cities of San Juan and Mendoza. This as well as the new available tools, such as the eta/PRM and GEM models running operatively (continuously) at PRM (Mendoza Regional Meteorology Program), offered the community the possibility to generate an Early Warning System to warn the population particularly in its severe manifestations. The answer to questions regarding time of onset of the event, place where it will occur first, duration, intensity and offset still poses a great challenge for researchers and forecasters in the region.
Introduction
This paper focuses on the "state-of-the-art" research of the Argentinian zonda wind at the beginning of 2015. Zonda is a strong, warm, very dry wind associated with adiabatic compression upon descending the eastern slopes of the Andes in western central Argentina, with a higher frequency in the winter and spring seasons. Zonda has specific features (such as remarkable spatial and temporal variability), and complex behavior of associated meteorological parameters (such as temperature, relative humidity, surface pressure, and wind intensity). In populated regions, it produces a range of damage according to the intensity of wind gusts (e.g., blowing off roofs, felling trees and high-voltage electricity lines, and shutting down power supply and communication lines). In addition, it favors the ignition and propagation of fires and causes damage to crops due to the strong gusts, sudden dryness and high temperatures, and it may also be responsible for premature fruit flowering. At high altitudes in the mountains, its occurrence accelerates snow melting and evaporation, modifying the snow pack depth, contributing to avalanches, and influencing the hydrological cycle [1] [2] .
Initial investigations into this kind of wind focused on the Alpine region, where it is known as the "Foehn". This term became the generic name for all descending, warm, dry winds [3] whose features and effects depend on topography, its interaction with the atmospheric flux, and the particular meteorological conditions [1] [2] . Such winds have different names depending on where they blow [1] [4] : "Chinook" in the USA and Canada east of the Rocky Mountains [5] , "Canterbury-northwestern" in New Zealand [6] , "berg wind" in South Africa [7] , "afganet" in Central Asia, "ibe" in western China [3] , "halny wiatr" in Poland and Slovakia [3] , and "austru" in western Romania [3] .
Several papers about foehn exist but the orography of the European Alpine area is quite different from that in the South American Andes where zonda winds blow. The central-western zone of Argentina, named Cuyo, includes the provinces of Mendoza, San Juan and San Luis (Figure 1) . The zonda mostly affects western Mendoza and San Juan areas. The largest population is found in Mendoza city (32˚51'S, 68˚49'W, 754 m ASL) and in San Juan city (31˚36'S, 68˚33'W, 630 m ASL) with 1.5 million inhabitants. The Andes run meridionally from 55˚S to 10˚N with a mean width of 250 km; height varies with latitude.
At the latitude of the Cuyo region the Andes constitute a barrier to the western flow, with a mean altitude of 4500 m ASL and a maximum of 6959 m ASL over mount Aconcagua [2] . On the other hand, the Alps, which run latitudinally, are lower mountains located at a higher latitude than the more frequent zonda wind area of occurrence. Therefore, the general circulation systems are different.
By gathering and summarizing all the research done up to the moment on the topic of zonda wind in Argentina, this work ultimately aims to serve as a tool for current and future generations of researchers and also as a ba sis for regional and national early warning systems. The structure of this paper is as follows: Section 2 describes the data and methodology; Section 3 presents a history of zonda research monitoring the principal papers since the 1950s; Section 4 contains the characteristics of zonda wind (including a conceptual model, the analysis of a classic event, intensities categories and two examples of non-classic episodes); Section 5 describes some aspects of zonda dynamics (like lee-side motion, interaction with cold-pool, pulsating zonda and orographic waves); Section 6 analyzes zonda climatology; Section 7 considers forecasting problems (a probabilistic method and the model forecast that are running in operative way are commented); the societal impact of zonda is mentioned in Section 8 (including climate impact, air quality, zonda wind damages and biometeorological effects); and, finally, the discussion and conclusions about this zonda review are presented in Section 9. This work (that is, the summary of the zonda research in Argentina, especially in Cuyo areas of this country) is of great importance because it presents the most current and comprehensive information about this phenomenon, and it will constitute a valuable tool for new researchers and decision makers.
Data and Methodology
The information used in almost all the papers about zonda wind published since the 1950s was obtained from the Argentine National Weather Service (Servicio Meteorológico Nacional, SMN). Particularly, hourly surface meteorological information from Mendoza Aero (32˚50'S, 68˚47'W, 704 m ASL) and San Juan Aero (31˚34'S, 68˚25'W, 598 m ASL) airport meteorological stations was used. Other stations belonging to the SMN and other regional institutions were also considered in many papers. Zonal time used in Argentina is equivalent to 3 hours before UTC time (GMT-3), and midday in Mendoza and San Juan is about 13:40 local time.
Rawinsonde information from Mendoza aero has been relevant, too, but during winter there are no upper-air sounding data in this airport. Therefore, to analyze vertical atmospheric conditions and their evolution, historical upper-air data from the National Oceanic and Air Administration (NOAA) Air Resources Laboratory (ARL) Real-Time Environmental Applications and Display System (READY) were used. Re-analysis data from the National Center of Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) [8] were used to analyze the synoptic situation for the different events studied in the papers.
Zonda wind episodes have been detected using the methodology used by Norte [1] and recently by Otero & Norte [9] . Several models have been used in the past trying to understand the physical processes of the zonda wind in order to perform diagnostic studies and to forecast it. In Seluchi et al. [10] and Norte et al. [11] Eta/ CPTEC (Centro de Previsão de Tempo e Estudos Climáticos do Brasil, or Brazilian Center for Weather Forecast and Climate Studies) model has been applied. Its specifications can be consulted in Messinger [4] and Seluchi et al. [10] .
The Eta/PRM (Programa Regional de Meteorología, or Regional Meteorology Program of Argentina) model is a regionalized version of the Eta/CPTEC model adapted to the central-western region of Argentina. It has been running in an operative form in the PRM of CONICET (National Research Council) in Mendoza, Argentina, since 2006. It has 15 km of horizontal resolution and 38 vertical levels, covering the central region of Chile and the western and central areas of Argentina, including the Andes [11] .
The BRAMS model (Brazilian Regional Atmospheric Modeling System) has been used to analyze a very severe zonda wind episode [2] . The BRAMS model is a modified version of the Regional Atmospheric Modeling System (RAMS). A comprehensive description of RAMS can be found in Cotton et al. [12] and in Ulke [13] . It is a multipurpose numerical prediction model designed to simulate atmospheric circulations on several scales. The physical processes, such as radiation, deep and shallow convection, turbulence, cloud microphysics, and surface-air exchanges are represented by a complex set of packages. BRAMS and RAMS models have been applied to study and analyze several phenomena in Argentina and South America, formerly in Brazil and later in Argentina [2] .
The Global Environmental Model (GEM) is a fully non-hydrostatic global model with a horizontal variable grid, which has been used to forecast zonda winds. The horizontal grid-spacing goes from 1.5 degrees to 0.013 degrees in the area of interest. Figure 2 shows the stretched grid section (centered in Mendoza province) of the global domain and the topography used by the GEM model. The vertical levels, turbulent boundary, layer processes, cumulus convection, long and short wave radiation and microphysical processes are parameterized according to the RPN Physics library (Recherche en Prévision Numérique, Dorval, Quebec, Canada). In the vertical coordinate, 58 stretched levels are used with a fine grid spacing structure near the planetary boundary layer and coarser spacing in the upper atmosphere. The Weather Research and Forecasting model (WRF) is another state-of-the-art model whose setting is specified in Figure 3 . In the vertical axis, 38 levels are used with a stretched structure similar to that used by GEM. Three nested domains are used with a corresponding grid spacing of 36 km (domain 1), 12 km (domain 2), and 4 km (domain 3) (Figure 4 ). WRF and GEM models are analyzed with NCEP FNL (Final Operational Global analysis data on 1.0 × 1.0 degree grid).
The methodology applied to achieve the goal of this paper was to follow a rather similar scheme to that developed by Richner & Hechler [14] , trying to find differences and similarities in zonda wind research conducted in western areas of Argentina close to the Andes with respect to the foehn in Europe.
History of Zonda Research
The zonda background in Argentina is specifically treated in some works, while in others, although the central subject is different, zonda wind is also mentioned.
Georgii [15] shows the importance of the atmospheric pressure double daily wave in Mendoza, which influences the beginning of zonda (and also in other phenomena such as the interruption of cold air and summer convective storms). Some time later, Georgii [16] offered detailed information about zonda with the data available at that time (from mountain meteorological stations which do not exist presently and from measurements taken from planes).
Rolón de los Santos & Afonso [17] analyze zonda events in the cities of Mendoza and San Juan for the 1967-1976 period and mention the statistic and synoptic aspects of those events.
Lichtenstein [18] studied the Northwest Argentine Low (NAL) and its relationship with some regional meteorological phenomena in western Argentina. He found that NAL displacement to higher latitudes and its deepening are related to the adiabatic descent associated with a zonda wind event.
Norte [1] made an exhaustive description of the typical climatic, synoptic and thermodynamic conditions using data from aerological and surface stations for winter during the 1974-1983 period. That work distinguished between high zonda, which occurs when the wind reaches the stations located on the eastern slopes of the mountains, and surface zonda, which is detected over the plains east of the Andes, typically in the proximity of Mendoza and San Juan cities. The characteristics of some severe cases were also analyzed according to data from Mendoza Aero taken on August 6 Seluchi et al. [10] undertook a complete description of three distinct zonda categories that represent three classical episodes: severe surface zonda, moderate surface zonda, and high zonda wind. A severe zonda on August 5 th , 1999, was analyzed thoroughly. It began near midday, which coincided with the climatological timing for the severe episode features [1] and had the typical features of a severe zonda wind episode. The Eta/Centro de Previsão de Tempo e Estudos Climáticos (CPTEC) operational regional NWP model was evaluated for the first time as a potential forecasting tool and was employed to explore the three-dimensional structure of the phenomenon.
Norte et al. [11] analyzed the meteorological conditions that caused the occurrence of an intense heat wave over subtropical South America, with temperatures higher than 40˚C immediately to the east of the Andes, during the last week of January 2003. On January 30 th the maximum temperature reached 44.4˚C in Mendoza aero (the highest of a whole record). The strong temperature increase was caused by adiabatic warming (subsidence) as well as by the net positive surface heat flux, especially to the east of the Andes, and the presence of forced orographic subsidence (zonda wind) is evident from observations and numerical simulations.
Norte et al. [2] studied a very severe zonda wind event occurring on July 11 th , 2006, that reached and maintained the higher category FNZ4 for several hours. The study evaluated the ability of the BRAMS model to represent the features of this extreme episode and explored if it could be used to predict this kind of zonda events with satisfactory results. In Viale & Norte [19] a heavy winter storm is studied exhaustively and zonda wind is analyzed in the leeward side of the Andes.
Chiconi [20] established a set of representative cramping episodes in horses to investigate if they are influenced by weather. The specific objective of this work was to analyze the influence of zonda wind in height and/or surface, the change in atmospheric pressure, and cold fronts coming to the region on the occurrence of episodes of colic in horses.
Palese & Cogliati [21] recently analyzed Neuquen Aero (38˚57'S, 68˚08'W, 272 m ASL) meteorological time series to identify zonda wind cases in this Argentinean city of North Patagonia. They used the following criteria: an increase of 5.0˚C or more in air temperature, a decrease of 7.0˚C or more in dew point temperature in one hour wind blowing from western or northern direction, lenticular altocumulus clouds, and eventually, dust storms and strong winds at 700 hPa level in the Andes mountain range at Neuquen city latitude. With these features, fifty cases were detected which can be confirmed as zonda wind in the analyzed series between 1981 and 2012. Sixty percent of the cases detected belonged to FNZ1 categories.
Otero & Norte [9] intended to evaluate possible methods of objective classification of zonda wind events and update the statistics of this phenomenon in the city of San Juan. All methods were able to identify many of the zonda wind events in San Juan. Next, these methods were compared with subjective classification methods. The diurnal and monthly cycle, onset, offset and average duration were compared. After comparing the methods, those events subjectively classified were taken, and a new classification was made according to the maximum wind speed. A weather description was made, and the differences were discussed with respect to the new classification, the daily and annual cycle, duration and onset. Then, the percentage frequency of wind directions for different zonda wind intensities was described. Finally, the percentage distribution of the gusts and wind speed for the entire zonda wind data was analyzed.
In Otero et al. [22] a probability index of surface zonda wind occurrence was obtained by using the principal component analysis (PCA) evaluating its ability to identify zonda wind associated patterns. An entry matrix was built with the temperature and dew point temperature anomalies for the standard levels between 850 and 300 hPa. The analysis yielded six significant components and explained 94% of the variance. Thus, representative patterns of favorable weather conditions for the development of the phenomenon were obtained.
The zonda/non-zonda indicator can be estimated by a logistic multiple regression dependent to the component loadings, calculated from the T and Td profiles depending on the climatological features of the region. The highest correlations between the CP and index values and non-zonda/zonda were obtained for components 2, 4 and 5. The index showed an efficiency of 74.7%.
The aim of the paper by Yechuchen et al. [23] was to study the vertical structure of the atmosphere at different radiosonde stations in the southern tip of South America during zonda events in the Andean region. Vertical profiles for temperature T, dew point Td, and the difference T-Td were composed at all mandatory levels between 850 and 10 hPa for dates when zonda was registered at Mendoza Aero. At each location, the profiles were compared with the long-term climatology ones, and for each level the difference between them was tested statistically. In general, there is a substantial modification in humidity conditions at various levels of the troposphere not only in the region where the zonda blows but also to the east of it, in the central region of Argentina; such conditions are also seen west of the Andes in Chile. Furthermore, the vertical profiles show that the position of the tropopause for zonda events differs from the climatology ones at some of the stations analyzed.
Characteristics of Zonda Wind

Conceptual Model
Like in the Alps, the conceptual model of zonda wind in the South American Andes is quite similar to the "textbook theory" mentioned in [14] . In Figure 4 the diagram shows a typical scheme where the cold and humid air from the Pacific Ocean is forced towards a mountain range (the Andes in this case, Chile area).
As in the foehn, the air cools dry-adiabatically until it reaches saturation, then the rise is wet-adiabatically until the air reaches the crest of the mountain, so clouds are formed and rain and snow precipitation occurs. At the lee of the range (Argentina area) the air descends and is heated dry-adiabatically, hence the air becomes dry and warm over the crest, or the piled-up clouds form the "zonda wall" some kilometers to the east.
Snow precipitation and "white wind" can be detected in this area. In some lower levels, zonda blows in an intermittent lapse ("pulsating zonda") and upon reaching the plains it blows continuously ("continuous zonda"). Thermal inversion on the plains may or may not be broken depending on several variables and factors.
A Classic Event
In Norte [1] (chapter 3) a typical event of moderate intensity was selected. The episode occurred in San Juan province and in the northern area of Mendoza province and reached the capital cities of both provinces in the afternoon of August 23 rd , 1983. The situation shows the most frequent conditions in the area. In San Juan Aero the temperature went up to 31˚C, the relative humidity went down to 10%, the speed of the wind gusts reached a maximum of 60 km/h, and the wind lasted 10 hours. In Mendoza Aero the maximum temperature climbed to 28.3˚C, relative humidity descended to 21%, and wind gusts did not surpass 50 km/h with 4 hours of duration. Figure 5 shows the surface synoptic situation at 12 UTC (9 local time) that is similar to other analyzed situations when the zonda appears or is about to appear in the stations of Cuyo plains. Water vapour distribution is identified in the 850 hPa chart (Figure 6) , where a closed nucleus of high humidity can be observed on the windward of the Andes, and another closed dry air nucleus is observed on the lee side.
The difference in humidity between Quintero (Chile) and Mendoza Aero is continuous in the upper layers at 700 hPa level (not shown), and it disappears at 500 hPa level (Figure 7) . A cold front is next to the Andes associated to a migratory depression placed in front of the Chilean coast. The depression is cold and develops to the 250 hpa level (Figure 8) . At 230 hPa (not shown) a jet stream crosses the continent from Mendoza Aero to the River Plate in the east of the country with wind velocities between 90 to 110 knots.
The zonda was produced by the rise and subsequent major orographic descent of a prefrontal air mass strongly baroclinic. In the summits the wind starts like a cold cathabatic wind of the "bora" type [3] . When it warms up adiabatically in its descent, it reaches the plains with high temperatures (this is clear due to the snowstorm with a pronounced cooling and the "white wind" in the border between Chile and Argentina) ( Figure 5 ). In this case the zonda belongs to the kind of wind regarded as genetically cold [24] .
The associated synoptic situation is characterized by: • A long wave ridge to the east of the region and a coming short wave trough.
• A moderate northern flow in central Argentina.
• A migratory depression entering the north of Patagonia with a cold front coming closer to the Andes from W-SW.
• A warm front in northern Argentina.
The NAL is clearly defined [25] and is located in its normal seasonal position. Surface atmospheric pressure is lower than the normal value of the mean field in all the Argentine territory with significant anomalies in Cuyo, Neuquen and the southwest Chilean islands.
A strong baroclinicity in the zone produces a marked vertical wind shear and strong wind transversal components to the Andes together with the proximity of the jet stream, indicating that the warm front plays an important role in the occurrence of zonda.
FNZ Categories
Norte [1] defined zonda wind categories based on the maximum gust registered in any event. Actually, the categories are named as FNZi (i between 1 and 4). Events are considered:
• Moderate (FNZ1) when the maximum gust is less than or equal to 35 kt (18 m/s).
• Severe (FNZ2) when the maximum gust is greater than 35 kt (18 m/s) and less than 50 k (25 m/s).
• Very severe (FNZ3) when the maximum gust is equal to or greater than 50 kt (25 m/s) and less than 65 km/h (33 m/s).
• Extremely severe or catastrophic (FNZ4) when the maximum gust is greater than 65kt (33 m/s).
Two Examples of Non-Classic Episodes (FNZ3 and FNZ2 Events)
Severe episodes are fortunately not frequent but can occur at any time of the year, may cause plenty of problems, and may endanger the safety of the affected people's property and lives.
A winter FNZ3 (and in some places FNZ4) episode occurring on July 11 th , 2006, has been thoroughly studied by Norte et al. [2] . The following figures show some aspects of this extremely severe zonda wind phenomenon not extensively considered in this paper. Figure 9 and Figure 10 indicate dew point temperature and atmospheric pressure evolution before, during, and after the event in Mendoza and San Juan Aero, respectively. In San Juan Aero the episode was longer, drier and warmer than in Mendoza Aero, starting before and ending later. Aero. In this station the values are also larger than in Mendoza Aero (not shown) as indicated in Norte et al. [2] . This zonda case presented heavy precipitation on the upwind side. Figure 13 shows the evolution of the same parameters of Figure 9 and Figure 10 but for Santiago de Chile (windward of the Andes). It can be seen that cooling and saturation begin almost simultaneously with the onset of the zonda wind in Mendoza aero and extends well through the following day. Figure 14(a) shows the marked difference in atmospheric pressure between windward and leeward in the mountain when the zonda episodes start in Mendoza and San Juan Aero. Figure 14(b) shows the behavior of the wind, displaying an increase in its speed with a constant direction in Chile before the occurrence of the zonda episode in Argentina, which confirms the process of increase prior to windward, which leads to precipitations , 2012) has also been analyzed. Figure 15 corresponds to the surface pressure analysis a few hours before the zonda wind appeared in the San Juan and Mendoza Aero. Compared to the classical situation presented in Figure 5 , it can be seen that:
• The NAL is displaced to the south, to higher latitudes than its usual position, and the pressure central value is deeper than normal.
• The warm front is also located to the south, at about ten degrees of latitude.
• The migratory depression is also on the Pacific Ocean but located more to the north, about five to seven latitudinal degrees, and the associated cold front is closer to the Cuyo region.
• There are more than 25 hPa of difference between La Serena and San Juan Aero surface pressure showing a big pressure gradient. In Figure 16 , corresponding to 0 UTC on December 25 th , 2012, when zonda wind is in its apogee, blowing in both cities, the NAL is deeper and the pressure difference is around 30 hPa between the same stations. The migratory depression is over the continent and the associated cold front has crossed the Andes and is very close to Mendoza Aero. Figures 17-19 correspond to 850 hPa, 500 hPa, and 200 hPa, respectively, at the same time. A cold nucleus of −25˚C is centered over Chiloe Island (Chile) in 500 hPa. The cold low is centered over this place as can be seen in 200 hPa. The maximum winds of a jet stream over 140 knots are located very close to Mendoza Aero ( Figure  19) .
Dew point temperature and atmospheric pressure evolution before, during, and after the event in Mendoza and San Juan Aero, are shown in Figure 20 (a) and Figure 20(b) , respectively. Similarly to the winter event, in San Juan Aero the episode was longer, drier and warmer than in the Mendoza Aero, starting before and ending a few hours later. On this occasion the highest wind speed is recorded a short while before the end of the episode (Figure 21) , and there are also significant gusts, particularly in San Juan Aero, when the cold front is coming in with southern or southeastern wind corresponding to the change of air mass (see Figure 22) .
Windward to the Andes, only in Santiago de Chile a cooling of temperature is observed towards the last hours of the evening of December 24 th , associated to cloudiness and to the incoming cold air, also marked by the rapid increase in atmospheric pressure in the early afternoon hours (see Figure 23 and Figure 24 ).
This kind of episode, of very low frequency of occurrence in the summer, does not show windward precipitations in Santiago de Chile. Leeward to the Andes it co-existed with convection processes for a few hours (with associated cloudiness of vertical development: cumulus nimbus) recorded very close to the subsidence area generated by the zonda wind. Maximum temperatures of 45.3˚C and 43.2˚C in San Juan and Mendoza Aero, respectively, are ranked within the highest values in existing records. 
Zonda Dynamics
Lee-side Motion
Like in the Alps, the least understood mechanism in flow dynamics is the behavior of the air masses after passing the mountain ridge in the Andes. Following Steinacker [26] , who compiled six different theories about it, two of them could be the typical schematic representation for the zonda wind in Argentina. The first one is the "waterfall" theory (see Figure 4 , about the conceptual model) and the other could be the "hydraulic jump" theory.
Seluchi et al. [10] include an exhaustive analysis of the physical mechanisms which took place during three different zonda events. The vertical gradient of potential temperature, the magnitude of vertical velocities, and the analysis of the behavior of "Froude number" linked to the flow over orographic obstacles have been calculated:
where U is the velocity of the wind perpendicular to the obstacle, H is the height of the mountain "seen" by each pressure level (distance between the level and the top terrain), and N is the Brunt-Vaisala frequency. The square of the Froude number is proportional to the ratio between the kinetic energy and the potential energy of the flow.
A high Fr ( ) 1 
Fr ≥
implies that the flow has enough energy to traverse the mountain barrier whereas a low Fr characterizes a situation of "orographic blocking".
At present, the Eta/PRM model is calculating this parameter operatively.
Interaction with Cold Pool
As in the European Alps, when zonda winds descend in the lee of the Andes ridge, they meet cooler and stagnant air. The metropolitan area of Mendoza city is in a relative orographic depression, and oftentimes zonda cannot arrive at the surface. It stands around 500 or 1000 meters over the city surface. On these occasions people say "está zondeando" ("it's zonding"). In Norte [1] (chapter 2), a "high zonda day" (HZD) for Mendoza city is defined as the phenomenon which happens in mountain localities and does not go down to the plains. High zonda is more frequent during the winter months. On the other hand, if zonda is blowing in the city, it is supposed to be blowing in the mountains, too. Only 5.7% of the HZD events reach down Mendoza Aero station. For this reason visibility is reduced during HZD, and smog and haze are frequent because the thermal inversion cannot be broken. If zonda flow increases, or if there is heating by convection (especially in spring), the cool or cold pool disappears.
Dimmerfoehn
These kinds of conditions are not found in Argentina. There are no zonda events in Mendoza or San Juan cities if it is raining or snowing. A similar situation to "dimmerfoehn" can only be found in mountain areas where "pulsating zonda" is blowing and some gusts are interspersed with snow showers. In few events (rare occasions) of FNZ2 or FNZ3 category, especially in wintertime and immediately after zonda wind was over, precipitation began in Mendoza Aero.
Waves
There are few studies about orographic waves over the Andes related to the zonda wind. Silva [27] in her MSc dissertation analyzed zonda cases and the lee waves using the Eta/CPTEC model and evaluating some parameters like the Froude number and Scorer parameter (l).
For zonda wind to occur, certain atmospheric conditions are necessary, such as atmospheric stratification and that the square of the Scorer parameter be higher than the mountain wave number (k). 
Silva analyzed the zonda event occurred over Mendoza city on August 9 th , 1999, and observed that during zonda wind occurrence, l 2 had positive values between 600 hPa and 400 hPa levels. Recently, Norte et al. [28] chose four representative cases (including those mentioned in 4.4) trying to show the main differences (if any) between summer and winter zonda events, and between severe and moderate cases for each season.
This exploratory analysis intends to identify the forcing mechanisms that produce waves over the Andes ranging from weak to intense gravity and leading to a strong descending flow over Mendoza city. The 4-km resolution WRF model is used. For the winter season episodes, the vertical cross-section simulation corresponding to the strong case (Figure 25(a) ) shows an intense gravity wave activity with a hydraulic jump structure shown by the potential temperature field. For the weak winter case (Figure 25(b) ) the gravity wave activity is also weak. For the summer events, a similar situation can be seen with intense (weak) wave activity for the strong (weak) episode (Figure 26(a) and Figure 26(b) , respectively). It seems that waves are more active in July than in December comparing both weak and strong events.
Zonda Climatology
In Argentina there are no maps showing zonda regions in contrast to what is shown by Richner & Hechler [14] (in that paper, see Zonda is more frequent between May and November and there is a maximum of occurrence in spring (October for Mendoza Aero and September for San Juan Aero) (Figure 27 and Figure 31 , respectively). The onset of zonda events is shown in Figure 28 and Figure 32 for these cities. The wind usually arrives at the surface after the local midday (around 17 or 18 UTC in Mendoza Aero) and two or three hours before in San Juan Aero, especially in wintertime when thermal inversion is already broken.
If zonda starts early in a winter morning, it has a longer duration and can be of high intensity category (FNZ2 or FNZ3). In Mendoza Aero duration of events is short (see the principal maximum in one hour and a secondary maximum in five hours in Figure 29) . In San Juan Aero the events have a longer duration (a principal maximum of eight hours and a secondary maximum of twelve hours, Figure 33 ). Zonda preferably blows from the west or northwest direction (Figures 30 and Figure 34) . This is quite different from the European Alps. A complete climatology of San Juan Aero can be seen in Otero & Norte [21] .
Forecasting Problems
In a rather similar manner as in the European Alps, zonda forecasting rests on the following pillars: 
Empirical Observational Methods
The different evolution stages of the zonda situations can be visually identified through the form, density and location of certain types of clouds. The possible future developments of the phenomenon can also be inferred. The cloudiness that acquires a lenticular shape suggests "high zonda", but it is not always an observational predictor of zonda appearance in the plains. This usually occurs in the initial zonda stages (scarce altocumulus and cirrocumulus in completely clear skies).
When the lenticular cloudiness covers a greater proportion of the sky, it is more likely that the wind will descend to Mendoza or San Juan Aero. The "rotor cloud" (see conceptual model, Figure 4) indicates a well-defined and well-developed zonda and a high chance of zonda occurring in the plains. There is a certain kind of lenticular altocumulus, of noticeable thickness and well-defined borders associated to the possibility of a severe zonda category (Figure 35) .
If all the zonda cloudy elements are observed from the cities (i.e., if elements such as "zonda wall", "rotor" cloud, and lenticular clouds in a diaphanous sky allow clearly visualizing the orographic features of the mountains), the probability of zonda is high. The presence of dust clouds and the advance of the zonda wall towards the zenith act as short term observational predictors.
Synoptic Elements for Forecasting
Some of the results obtained after thoroughly analyzing the typical or classical zonda event (chapter 3 of PhD dissertation [1] ) of August 23 rd , 1983 ( Figure 5 ) were taken into account as forecasting elements of the phenomenon in the plains. The following results should be highlighted:
• The shifting of a migratory anticyclone from the Patagonia to the northeast of Argentina.
• A trough coming from the Pacific Ocean. • The NAL shifts from its usual position to the south.
• A warm front in the north or northeast of the country.
• The strong baroclinicity in the Cuyo zone.
• The presence of zonda wind in high levels and in mountain areas.
• The proximity of a low pressure center coming in from the northern Patagonia with a cold front approaching the Cuyo Andes from the southwest.
Probabilistic Method
In Norte [1] a probabilistic method was developed. Predictors were obtained using the Stepwise Discriminant Analysis (SDA). In order to forecast zonda wind with computational methods, four groups were defined:
• Zonda group: including the days with zonda on the plains (Mendoza and/or San Juan).
• Previous 24-hour group: the day preceding a zonda day.
• Previous 48-hour group: corresponding to the day preceding that defined as the "previous 24 hours".
• The group "Others" corresponds to the rest of the series, days that do not belong to any of the groups mentioned before. Once the groups were selected, it was necessary to know if there existed variables that would indicate unequivocally if a certain day belonged to one of the defined groups. If this classification was achieved, starting from those variables assumed as predictors, there would exist conditions to forecast the event 48 hours in advance.
A first set of predictor variables was obtained analyzing the 12 UTC pressure spatial gradients (Probabilistic Predictors PP1). Some zonal and meridional pressure differences were arbitrarily defined. These pressure differences should supposedly have an influence over the discrimination of those four groups. But only two of them were selected by the SDA: one in the meridional gradient (Chañaral minus Puerto Montt) (Figure 36 ) and the other almost zonal (San Juan minus La Serena). The first one gives an idea of the importance of the zonal circulation index for the classification, and especially, the depression that approaches the Chilean coast by the latitude of Chiloe Island.
The second pressure gradient in a northwest-southeast trend indicates the influence exercised over the classification group by the NAL oscillation and the shift to the south or to the north of the Pacific Ocean subtropical anticyclone with respect to their usual positions.
Another analysis was conducted taking the 12 UTC pressure values (reduced to the sea level) of the 81 stations shown in Figure 36 in order to obtain the stations that would best discriminate among groups (Probabilistic Predictors PP2). SDA rescued only five stations from the total set (Puerto Montt, Santa Rosa, Treinta y Tres Orientales, South Orkney Islands and Cabo Raper). Puerto Montt was selected in the first place. This selection would be related to the low centers that approach the continent from these latitudes associated with cold fronts, which form one of the main synoptic elements associated to zonda days. Santa Rosa pressure station was the second, and it would be linked to the presence or not of a surface trough that identifies the zonda days from the other groups. The pressure of the Uruguayan station named Treinta y Tres Orientales would be linked to the presence or absence of the migratory anticyclone. The pressure of South Orkney Islands informs about the position of the circumpolar depressions that are then placed more to the north during zonda days.
A third set of prediction variables is obtained from the radiosonde data of Mendoza Aero station (Probabilistic Predictors PP3). The input data corresponded to the surface pressure values, plus temperature and dew point values, and the zonal and meridional components of wind on surface, and the fixed levels including 200 hPa. From the 53 variables considered, SDA only rescues four as relevant to discriminate and to act as predictors: surface pressure, dew point depression at 850 hPa level wind, meridional component at the same level, and zonal wind component at 400 hPa level.
The method has selected surface pressure as a significant variable. This would be linked to the fact that the decrease of the surface pressure is a function of the zonda appearance in the plains. The dew point depression at 850 hPa is important because the maximum dryness and heating due to zonda is found at that level. At that height the zonda may already be blowing in the morning of zonda days in the plains without having appeared on the surface yet.
Finally, a fourth set of predictors was obtained from Quintero rawinsonde (Chile) (Probabilistic Predictors PP4). In this case only three variables were rescued by SDA: zonal wind at 700 hPa level, meridional wind at 250 hPa level, and meridional wind component at 300 hPa level. The proximity of a trough on zonda days implying a greater northern component (northwestern wind) would be the cause of the selection of the wind meridional components in the higher layers of the atmosphere windward of the Andes.
The "skill score" or "success degree" [29] was determined for each set of predictors. The first (PP1) had 0.40, the second (PP2) 0.38, the third (PP3) 0.47, and the fourth (PP4) only 0.21.
Model Forecasts
Recently, some results of experiments trying to predict zonda wind have been obtained and presented in several workshops and conferences. In Santos et al. [30] , a moderate event (FNZ1) registered at Mendoza Aero on May 27 th , 2012, at 19 UTC was chosen to present GEM's capability in forecasting downslope windstorms. The model was initialized on May 25 th , 2012, almost three days before the event. This episode is shown in Figure 37 (a) where zonda occurrence is characterized by a sudden increase of 10 degrees in surface temperature and a sudden decrease in dew point with an increase in the surface windfield.
Figure 37(b) shows the forecasted surface temperature, dew point and horizontal wind speeds, and Figure  37(c) shows the vertical time series of the simulated dew point depression. It can be seen there is good agreement between the forecast and the observation. It is worth noting that in some cases large horizontal winds and dry layers stay aloft and do not reach the surface ("high zonda wind" events).
In Santos et al. [31] the WRF and GEM models have been used to forecast zonda wind. The ability of each model to forecast this weather event has been estimated by computing statistical parameters such as bias (BIAS), standard deviation error (STDE) and the root mean square error (RMSE) (not shown). It can be inferred that WRF presents a better skill in forecasting surface temperature and dew point, but GEM seems to be slightly better in forecasting surface wind speed. As an example of a zonda forecast event, the time series of surface temperature, dew point and wind speed is shown for the severe summer event of December 24 th , 2012 (Figures  38(a)-(c) ).
Actually the Eta/PRM model is run twice a day and is used to forecast zonda wind in many localities of central west Argentina leeward of the Andes with successful results. The Global Environmental Model (GEM) is also run daily, but it still needs some adjustments.
Open Problems
As in the European Alps, "the skills of experienced forecasters who are familiar with the local and regional situations are still an important pre-requisite for a successful forecast" [14] . The synoptic tools for predicting the onset of the zonda wind have been summarized in 7.1 and 7.2.
Probabilistic methods, recent models and their further improvements (in parameterization and in resolution) will improve zonda forecasting. An improved meteorological network with high density observations and more rawinsonde frequency is needed.
A high resolution model is necessary to answer typical questions such as when the zonda will start, where will it blow, for how long the episode is predicted, what the maximum gusts will be, among others.
Societal Impact of Zonda
Climate Impact
Zonda wind impacts on the local climate with more or less intensity depending on the season. When it blows in August or in September (when wintertime is coming to an end in Argentina) the wind strength and extreme dryness harm the agriculture, and the temperature rise can accelerate the blooming of fruit trees, which afterwards, when the cold front arrives, are exposed to frost damage. In the high mountains the zonda speeds up the processes of fusion and evaporation of snow, modifies snow accumulation, contributes to the formation of avalanches, and influences the behavior of the hydrologic cycle.
Air Quality
The air quality under zonda conditions is quite variable. If the zonda is blowing in the upper levels and the cold pool is over Mendoza and/or San Juan cities (high zonda wind conditions), the thermal inversion maintains the haze and smog, and in few occasions, the fog.
When zonda wind reaches the surface, air quality depends on the season of the year. In fall and winter (particularly in August, the driest month of the year), dust and tree leaves affect the horizontal visibility.
Allende et al. [32] investigated the behavior of particulate matter over the Mendoza urban center during the zonda event of July 14 th , 2011, and previous days, examining the role of meteorological fields over dust sources. They used a regional coupled numerical weather prediction/dispersion, transport, and chemistry model to simulate the release and transport of soil dust (version 3.3 of Weather research and forecasting model with Chemistry; WRF/Chem [33] ) and conclude that: "The model results showed that one dust plume is formed in the modelling domain originated in the northeast of the Mendoza province producing high dust concentrations in Eastern Mendoza with peaks up to 250 ug/kg air during the event. This allows making a preliminary assessment on the observed particulate matter concentrations over the urban centers." However, when zonda reaches the cities during spring, the wind is clean, with neither dust nor haze, and the sky has an intense blue color. On these occasions, just as in the Alps, the mountains can look "dark", and distant objects may seem much closer.
Zonda Wind Damages
In inhabited areas, the zonda wind produces different damages according to gust intensity: blown roofs, fallen trees and electricity cables, interrupted telephone and electric services, and fires (Figures 39(a)-(d) ).
It is common to see the spread of many fires when zonda wind is blowing on the mountains close to Mendoza city. Sometimes this is a clear visual signal of the proximity of the phenomenon while it is still a "high zonda" event.
The main concern of the author, however, is not only the economic losses caused by this dreadful wind. The principal concern is the possible loss of human lives. A clear example of this is the fact that in the last earth- Zonda winds are also dangerous to air traffic. High wind is very frequent over Mendoza and San Juan airports, and when the airplanes approach the land, the passengers feel the typical turbulence clearly. In the FNZ1 episode of May 27 th , 2012, meteorology researchers flying to Mendoza to attend CONGREMET XI (Argentinian Meteorological Congress) failed to arrive on time. The pilot tried to land, but a sudden zonda gust prevented him, and he decided to return to Santiago de Chile.
Biometeorological Effects
Like foehn, chinook, northwestern Canterbury and other kinds of "foehn winds", zonda apparently has noticeable effects on the psychophysical state of the inhabitants, namely depression, lethargy, irritability, distress, and cardiac rhythm alteration, which in turn produce violent behavior and an increase in car accidents and heart attacks. It is worth noticing that these situations have been detected not only with surface-level zonda, but also during the previous days when a "high wind" zonda situation prevails.
As already mentioned, car accidents seem to be more frequent as people tend to be inattentive. Some explain this phenomenon saying that the cause is the de-ionization of the air. As in other parts of the world, like the European Alps, New Zealand Alps and the Rocky Mountains area of North America, in Andean regions people blame zonda winds for almost any ailment, accident, crime, and especially headaches.
At the beginning of the 1990s a group of the PRM (Regional Meteorology Program) started a research about the possible correlation between zonda and human health. The experience lasted a short time, and the only representative results were the daily admissions in the Neuropsychiatric Hospital of Mendoza city. During high zonda days and surface zonda days there was an increase in epilepsy and manic-depressive cases. However, there are no statistical analyses of pressure fluctuation or ion concentrations to establish any cause-effect mechanism. Chiconi [20] showed that 62.86% of the equine colic analyzed was observed when there was a high zonda day or zonda wind on the surface or when a cold front without significant evidence of zonda effect was simply getting closer.
Discussion and Conclusion
The state-of-the-art research on the zonda wind in South America analyzed in this paper allows us to conclude that there has been substantial progress in the understanding of this kind of complex wind during the last years, especially since the last decade. This progress has been accelerated by the use of different models. This paper has highlighted some of these advances by synthesizing some of the major findings.
The probabilistic prediction method developed towards the end of the 20 th century is still very useful to predict the occurrence of this phenomenon in the cities of San Juan and Mendoza. This as well as the new available tools, such as the Eta/PRM and GEM models running operatively (continuously) at PRM (Programa Regional de Meteorología), offered the community the possibility to generate an Early Warning System to warn the population about the adverse and dangerous effects of this phenomenon, particularly in its severe manifestations.
In 2014 the Mendoza Congress passed a Law approved unanimously to develop a "procedure for the operative management of extreme regional meteorological phenomena" [34] , Currently, this Law is under regulatory process. However, as mentioned in point 7.5, it is necessary to adjust the available models to work with better resolutions to meet the demands of decision-makers and the population at large.
The answer to questions regarding time of onset of the event, place where it will occur first, parts of the territory it will affect, duration, intensity and offset, still poses a big challenge for researchers and forecasters in the region. Like in other parts of the world with a similar phenomenon, there is a lack of research knowledge regarding the biometeorological aspects of zonda. An interdisciplinary research project which links this wind with its potential impact on human health is a pending key issue.
